Glioblastoma multiforme (GBM), the grade IV astrocytoma, is the most common and aggressive brain tumor in adults. Despite advances in medical management, the survival rate of GBM patients remains poor, suggesting that identification of GBM-specific targets for therapeutic development is urgently needed. Analysis of several glycan antigens on GBM cell lines revealed that eight of 11 GBM cell lines are positive for stage-specific embryonic antigen-4 (SSEA-4), and immunohistochemical staining confirmed that 38/55 (69%) of human GBM specimens, but not normal brain tissue, were SSEA-4
+ and correlated with high-grade astrocytoma. In addition, an SSEA-4-specific mAb was found to induce complement-dependent cytotoxicity against hi GBM cell lines in vitro and suppressed GBM tumor growth in mice. Because SSEA-4 is expressed on GBM and many other types of cancers, but not on normal cells, it could be a target for development of therapeutic antibodies and vaccines.
glycosphingolipids | Globo H | SSEA-3 | gangliosides | targeted therapy G lioblastoma multiforme (GBM), accounting for 60-70% of malignant gliomas, is the most aggressive form of glioma and the most common primary brain tumor in adults (1) . Despite treatment, including surgery, and chemo-or radiotherapy, the prognosis for GBM patients is poor, with a median survival rate of 14-15 mo (2) . GBM is notoriously resistant to most anticancer drugs and is extremely infiltrative, hampering complete surgical resection; therefore most patients develop tumor recurrence or progression even after multiple therapies. Because of the high mortality, new therapeutic approaches, such as immunotherapy and gene therapy, have been proposed for the treatment of GBM (3) .
Altered glycosylation is a feature of cancer cells, and several glycan structures are well-known tumor markers (4, 5) . These aberrant changes include the overall increase in the branching of N-linked glycans (6) and sialic acid content (7) and the overexpression of certain glycan epitopes, such as sialyl Lewis x (sLe x ), sialyl Tn (sTn), Lewis y (Le y ), fucosyl Gb5 (Globo H), and polysialic acid (8) (9) (10) . Many tumors also exhibit increased expression of certain glycolipids, especially the gangliosides, glycosphingolipids (GSLs) with sialic acid(s) attached to the glycan chain. Gangliosides normally are observed in neural systems and are elevated in tumors, particularly the complex gangliosides associated with malignancy (11) .
It has been reported that human glioma biopsies show elevation of monosialylated GM3 and GM2 and their disialylated derivatives GD3 and GD2 (12) (13) (14) . The increase of GD3 was most significant, but the correlation between GD3 and malignancy remains obscure (15, 16) . In addition, the lacto-series gangliosides 3′-isoLM1 and 3′,6′-isoLD1 are reported to be major gangliosides in human gliomas (16) (17) (18) . Because some of these glioma-associated gangliosides are rarely expressed or even are absent in normal tissues (19) , they are suitable for targeted therapy (20) . Hence, discovering novel glioma-associated GSLs would provide new targets for development of new therapies against gliomas.
The GSLs of globo-series feature a Galα1-4Gal linkage to lactosylceramides, and this linkage is catalyzed by the lactosylceramide 4-alpha-galactosyltransferase, encoded by the A4GALT gene. Although globotriosylceramide (Gb3Cer) and globoside (Gb4Cer) constitute the basis of the P-blood group system (21), galactosyl globoside (Gb5Cer) and sialyl galactosyl globoside (sialyl Gb5Cer, SGG, MSGG), also known as "stage-specific embryonic antigen-3" (SSEA-3) and "stage-specific embryonic antigen-4" (SSEA-4) (22) , respectively, are cell-surface markers widely used to define human embryonic stem cells (hESCs). Globo-series GSLs also have been observed in tumors: Globo H is overexpressed in many epithelial cancers [e.g., ovarian, gastric, prostate, lung, breast, and pancreatic cancers (23)]; SSEA-3, SSEA-4, and Globo H are expressed not only on breast cancer cells but also on breast cancer stem cells (24, 25 ). Moreover, high-level expression of SSEA-4 and disialosyl galactosyl globoside (disialosyl Gb5Cer) is observed in renal cell carcinoma (26) , but whether globo-series GSLs are expressed in GBM is not known.
In the present study, we examined the expression levels of globo-series GSLs and several tumor-associated glycans in GBM cell lines by flow cytometry. The result showed that SSEA-4, a ganglioside rarely found in normal brain tissues, was highly expressed on GBM cells and GBM specimens, as confirmed by high-performance TLC (HPTLC) immunostaining and MS. We found that anti-SSEA-4 mAb (MC813-70) could induce complement-dependent cytotoxicity in vitro and inhibit the growth of GBM in nude mice. SSEA-4 is displayed on many other types of cancers and therefore can be a target for the development of therapeutic antibodies and vaccines against SSEA-4 + cancers.
Significance
Glioblastoma multiforme (GBM) is a deadly brain tumor. More than 50% of patients who suffer from GBM die within 15 mo even received all possible medical treatment. In this study we report that the glycolipid stage-specific embryonic antigen-4 (SSEA-4) is highly expressed on the surface of both GBM cells and GBM specimens. We further demonstrate that the growth of GBM tumor is inhibited when anti-SSEA-4 antibody is administered to experimental mice, suggesting a research proof of concept for the treatment GBM and other SSEA-4 + cancers. ), complex gangliosides [GM2, GM1, GD1a, GD2, GT1b, and A2B5 (c-series gangliosides)], and globoseries GSLs (SSEA-3, SSEA-4, and Globo H) (Fig. 1A) . The results showed that most of these four GBM cell lines expressed high levels of Tn, TF, Le x , and Le y , a low level of sLe x , and no sTn (Table 1 and Fig. S1 A and B) . In addition, these four GBM cell lines were positive for all the gangliosides we examined, although the expression levels varied (Fig. S1C) . U-251 showed weak MC813-70 (anti-SSEA-4) staining intensity, and G5T, U-138, and LN-18 displayed high MC813-70 staining intensity (Fig. 1B) . Among these four cell lines, positive MC631 (anti-SSEA-3) staining was observed only on G5T, and none of the cell lines was positive for VK9 (anti-Globo H) staining (Table 1 and Fig. S1 D and E). After these findings, we looked further into the expression patterns of globo-series GSLs in additional GBM cell lines and found that of the nine of the 17 GBM cell lines showed strong MC813-70 staining signal (SSEA-4 hi ); three were weakly stained (SSEA-4 lo ), and five were not stained by MC813-70 (Fig. 1A) . Nine of the 17 cell lines were positive for MC631 staining, and six were positive for VK9 staining (Fig. S1 D and E). SVG p12, an immortalized human fetal glia cell, showed a very weak MC813-70 staining signal and no MC631 nor VK-9 staining signal ( Fig. 1 and Fig. S1 ). These results indicated that most of the GBM cell lines examined were positively stained by MC813-70.
Results
Specificity of MC813-70. Previous studies indicate that mAb MC813-70 recognizes the NeuAcα2-3Galβ1-3GalNAc epitope in SSEA-4 glycolipid (sialyl Gb5Cer) and the glycoproteins with an extended core 1 O-glycan structure (22, 27) . In addition, MC813-70 shows cross-reactivity toward GM1b and GD1a when these two gangliosides are immobilized at a very high concentration/ density. We used a glycan microarray (28) to investigate the binding specificity of MC813-70. As shown in Fig. 2 , we found that, among the 152 chemically synthesized glycans on the glycan microarray ( To verify the expression of SSEA-4 further, we next purified the gangliosides using anion-exchange chromatography, developed the purified gangliosides on HPTLC plates, and visualized them by orcinol-H 2 SO 4 staining or immunoblotting. As shown in different chain length of fatty acids) on TLC from DBTRG and D54MG cells but not from GBM 8901 cells (Fig. 3A) . The positions of the immunoreactive double bands in GBM gangliosides were the same as in the gangliosides purified from 2102Ep cells, which are embryonal carcinoma cells known to express a high level of SSEA-4 glycolipid (Fig. 3A, lane 4) (22) . A double band that developed at a shorter distance than the MC813-70 + glycolipid was detected by MC813-70 in YAC-1 cells (Fig. 3A , lane 5), in which GM1b is a major ganglioside (29) , indicating that MC813-70 harbors a weak cross-reactivity toward GM1b. Immunoblotting with MC631 revealed that it also could recognize MC813-70
+ glycolipid but with a lower affinity than MC813-70 (Fig. S5A, Right) . To examine the number of sialic acids on MC813-70 + glycolipids, we eluted gangliosides in different salt conditions and performed immunoblotting with MC813-70. The result indicated that MC813-70-reactive gangliosides were monosialylated, because the two bands appeared at the fraction eluted in the low-salt condition (Fig. S5B) . We next used sialidases to elucidate the linkage of the sialic acid on this MC813-70-reactive monosialoganglioside. Gangliosides developed on a TLC plate were treated with α2,3-sialidase, the sialidase that cleaves all linkages of sialic acids, and were blotted with MC813-70 and MC631. The results in Fig. S5C show that the immunoreactivity of MC813-70 disappeared after sialidase treatment (Fig. S5C, Center) , whereas MC631 could detect strong signals (dashed rectangle in Fig. S5C , Right) at the positions resembling MC813-70-reactive doublets, indicating the presence of an α2,3-linked sialic acid.
We also analyzed the gangliosides from DBTRG cells by MALDI-MS profiling (Fig. 3B) . The spectra were dominated by several major peaks that occurred in signal clusters because of the expected heterogeneity of the ceramide (Cer) portions. The respective gangliosides profiles were assigned based on the m/z values of major molecular ions, as fitted to permethylation of hexose (Hex), N-acetylhexosamine (HexNAc), or NeuAc residues, in combination with sphingosine and fatty acyl chains,. Consistent with the HPTLC results, MS profiling showed that the major species of gangliosides in DBTRG cells were GM3, GM2, Neu5Ac-(n)Lc4/Gg4Cer, and Neu5Ac2-(n)Lc4/Gg4Cer. The signal with Neu5Ac-Hex4-HexNAc-Cer (m/z = 2025.2) that represented SSEA-4 was detected also, although with low intensity, reflecting the existence of SSEA-4 in DBTRG cells. These data indicate that the MC813-70-reactive ganglioside was SSEA-4 and that, although it was a minor constituent of total gangliosides, SSEA-4 was expressed in GBM cells.
Expression of SSEA-4 in GBM Tissues. SSEA-4 is a widely used marker for stem cells, but information about the expression of SSEA-4 in GBM tissues as well as normal brain tissues has been limited. To understand if SSEA-4 is overexpressed in clinical GBM specimens, in addition to GBM cell lines, we analyzed the expression of SSEA-4 in grade I-IV astrocytomas and in normal brain tissues by immunohistochemistry (IHC) on human tissue microarrays (Fig. 4 and Fig. S6 ). We found that 38 of 55 GBM tissue specimens (69%) were positive for MC813-70 staining and around half of the GBM specimens were intensely stained, with a score of 2+ or higher (Fig.  4C and Fig. S6A ). As shown in the positive specimens, SSEA-4 was situated on the plasma membrane of GBM cells (Fig. 4B, Inset) . Furthermore, around 55% of low-grade astrocytoma specimens were weakly stained (scored as 1+) by MC813-70, and the SSEA-4 intensity scores correlated positively with astrocytoma grade (Fig.  S6B) . Most normal brain tissues were SSEA-4 − (Fig. 4A) . These results indicated SSEA-4 is highly expressed in GBM tumors. Table S1 . We found that SSEA-4 was expressed in every type of cancer cell line (in 96 of 134 cancer cell lines). Globo H was expressed in 88 of 134 cancer cell lines, preferentially in lung, breast, pancreas, colon, stomach, mouth, liver, and kidney cancer cell lines, and 70 of 134 cancer cell lines expressed SSEA-4 and Globo H simultaneously. On the other hand, SSEA-3 expression was always accompanied by a high level of SSEA-4 expression, indicating that SSEA-4 and Globo H are the major globo-series GSLs on the cancer cells. To validate the identity of SSEA-4, we purified the gangliosides from nine MC813-70 + cell lines and from TF1a, an MC813-70 − leukemia cell line, and performed immunostaining on HPTLC plates. As expected, SSEA-4 was detected in these nine cancer cell lines but not in TF1a (Fig. S7) , and the intensity correlated well with the geometric mean fluorescence intensity as examined by flow cytometry. These results showed that SSEA-4 can be expressed in a variety of cancer cell lines and may serve as a potential target for multiple types of cancers.
Discussion
In the present study, we evaluated the expression of globo-series GSLs on human GBM cell lines and found that SSEA-4 is highly expressed in most GBM cell lines; SSEA-3 and Globo H also are expressed at lower levels.
SSEA-4, first identified in 1983 (22), often has been used as a pluripotency marker for hESCs and for the isolation and characterization of cells with stem cell properties. Nonetheless, information about the distribution of SSEA-4 in normal tissues is limited. SSEA-4 has been reported to be expressed as a minor GSL in erythrocytes (22) and on the epithelial cells of several glandular tissues [e.g., breast, colon, gastrointestinal tract, kidney, lung, ovary, pancreas, rectum, stomach, testes, thymus, and uterine cervix (24)]. In solid tumors, SSEA-4 expression was found on renal cell carcinomas in 1997 by Saito et al. (26) using IHC with RM1, another SSEA-4 mAb. In the last few years, SSEA-4 expression has been reported on breast cancer cells and breast cancer stem cells (25) , basaloid lung cancer (30), epithelial ovarian carcinoma (31) , and oral cancer (32). The relationship between the level of SSEA-4 expression and tumor malignancy differs in various types of cancers: The expression of SSEA-4 in basaloid lung cancer is associated with poor prognosis (30) , whereas a reduction of SSEA-4 correlates with more advanced tumor stage and tumor cell differentiation in ovarian cancer (31) . Here, we examined the expression of SSEA-4 in GBM and found that SSEA-4 is expressed not only in GBM/grade IV astrocytoma but also in ∼55% of grade I, ∼55% of grade II, and ∼60% of grade III astrocytoma. Nevertheless, there appears to be a trend for higher expression of SSEA-4 to be associated with higher grade of astrocytomas. We propose that SSEA-4 may play an active role during tumor progression of astrocytomas and may (35) .
In addition to SSEA-4, we examined the expression of two other globo-series GSLs, SSEA-3 and Globo H. SSEA-3 was expressed mainly in cell lines with high SSEA-4 expression. This result, together with the observation of Globo H expression in only six of the GBM cell lines we tested, indicates that SSEA-4 is the major globo-series GSL in GBM and that, once SSEA-3 is synthesized, it is converted efficiently to SSEA-4 (24) . It has been suggested that an α2,3-sialyltransferase, encoded by ST3GAL2 gene, is the major SSEA-4 synthase that is closely related to renal carcinogenesis (36) and that the mRNA level of ST3GAL2 is increased in renal and colorectal carcinomas (37) . We also observed that the mRNA level of ST3GAL2, but not of fucosyltransferase (FUT) 1 and 2, is abundant in GBM cell lines (Fig. S8) , perhaps explaining why SSEA-4 is the predominant globo-series GSL in GBM cells. It is also interesting to establish the correlation of A4GALT, ST3GAL2, FUT1, and FUT2 mRNA levels with the expression of globo-series GSLs in GBM specimens, to help detect globo-series GSLs in small amounts of tumor samples.
Targeted therapy, which blocks tumor growth by using small molecules or mAbs to interfere with specific molecules, is a growing part of many cancer treatment regimens (38) ; for example, a series of anti-EGFRvIII mAbs has been generated for GBM therapy (39, 40) . Moreover, anti-glycolipid-targeted therapy is showing great promise in the treatment of several cancers (41) [e.g., anti-GD2 in neuroblastoma (42) ]. In addition, a recent report indicates that a Globo H-DT vaccine can elicit specific IgG not only against Globo H but also against SSEA-3 and SSEA-4 (25) . The expression profile of these three glycolipids in different types of cancer cell lines, as shown in Table 2 , provides a direction in cancer vaccine therapy. In addition, our finding of high-level SSEA-4 expression in GBM provides a potential target for GBM diagnosis and therapy.
Materials and Methods
For additional details, see SI Materials and Methods. Expression of globo-series GSLs was determined by flow cytometry. Cell lines in which more than 15% of total cells were positive in flow cytometry are labeled positive.
with 4% (wt/vol) paraformaldehyde in PBS for 15 min at room temperature, followed by incubation in methanol for 10 min before staining with specific antibodies.
TLC Immunostaining. GSLs were separated on HPTLC plates as described above. After chromatography, the TLC plate was air-dried, immersed three times in 2.1% (wt/vol) poly(isobutyl-methacrylate) (Sigma) in hexane/chloroform (42:8, vol/vol), and soaked overnight in PBS at 37°C. The plate was dried, blocked with in PBS for 30 min at room temperature, and reacted with MC813-70 or MC-631 (5 μg/mL) for 2 h at room temperature. After being gently washed three times with PBS and 0.05% Tween-20 (PBST), the plate was incubated with biotinylated secondary antibody (1 μg/mL) for 1 h, followed by incubation with streptavidin-alkaline phosphatase (1:1,000; Millipore). After washing with PBST, the TLC plate was developed with nitro blue tetrazolium/ (5-bromo-4-chloro-1H-indol-3-yl) dihydrogen phosphate (Thermo Scientific).
In Vivo Tumor Growth. BALB/cAnN.Cg-Foxn1nu/CrlNarl mice were purchased from the National Laboratory Animal Center (Taiwan) and maintained under specific pathogen-free conditions. The animals' health status was monitored daily. Procedures involving animals and their care were conducted according to the guidelines of the Academia Sinica Institutional Animal Care and Utilization Committee in compliance with national and international laws and policies. DBTRG cells ( 
